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第 1 章では、本研究の目的と意義を述べた。 
第 2 章では、本研究で開発した運動論的 3 次元プラズマ粒子シミュレーションモデル（3D Particle 




第 3 章では、開発した 3D PIC モデルを用いて、イオン性プラズマ層の形成機構について議論し
た。従来の 3D PIC モデルで考慮されてこなかった電子温度制御用のフィルター磁場に沿った大域的
な電子損失過程を、磁力線平行方向と垂直方向それぞれの電子閉じ込め時間を考慮することにより数
値的にモデル化した。これにより、従来の 3D PIC モデルでは困難であったイオン性プラズマ層の再
現に、3D PIC モデルとして初めて成功した。このことから、イオン性プラズマ層の形成機構に対し
てフィルター磁場に沿った電子損失過程が重要な物理機構であることを示した。 
第 4 章では、イオン性プラズマ層がビーム収束性へ与える影響を明らかにするため、第 3 章で構












第 6 章では、本論文の成果についてまとめた。  
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Summary 
   Negative hydrogen (H-) ion sources have a wide range of applications, such as fusion plasma heating 
systems, accelerators for particle physics and medical uses. The common requirements of these H- ion 
sources are to produce the high current negative ion beam with good beam optics. Recently, the 
measurements in various surface-produced H- ion sources have shown that ion-ion plasma layer which 
mainly consists of positive and negative hydrogen ions is formed in front of a beam aperture, i.e. the 
extraction region. Moreover, the potential structure in the ion-ion plasma affects the negative ion beam 
optics. However, the formation mechanism of the ion-ion plasma layer and its effect on beam optics have 
not been fully understood. Therefore, the purpose of this study is to clarify the formation mechanism of the 
ion-ion plasma layer and its effect on the negative ion beam optics by the numerical simulation for the 
extraction region.  
   In Chap. 1, the purpose of the present study is described. 
In Chap. 2, the kinetic three dimensional plasma particle simulation model (3D Particle in Cell model: 3D 
PIC model) developed in the present study is explained. The motion of the charged particles are self-
consistently solved with the full 3D geometry and magnetic field structure in the extraction region. The 
validation of the 3D PIC model has been done by analyzing the extraction region in the H- ion source for the 
large fusion device (JT-60U).  
In Chap. 3, the formation mechanism of the ion-ion plasma layer is discussed by the 3D PIC model. In 
the present 3D PIC model, the global electron loss along the magnetic filter field line has been newly 
implemented by taking into account the electron confinement time in each direction of the parallel and 
perpendicular to the magnetic filter field in the extraction region. The present 3D PIC model has reproduced 
the formation of the ion-ion plasma layer observed in the experiments. Moreover, it has been clarified that 
the ion-ion plasma layer is formed due to the electron loss along the magnetic filter field.  
In Chap. 4, the effect of the ion-ion plasma layer on the negative ion beam optics is discussed. The 
results have shown that the formation of the ion-ion plasma layer causes the increase in the curvature of 
the ion emissive surface (the contour surface where the electric field equals to be 0), the quality of the beam 
then becomes poor since the negative ion beam is over-focused. 
In Chap. 5, the extraction mechanism of the H- ions and its effect on beam optics are discussed. In the 
experiments, the negative ion beam mainly consists of the surface produced (SP) H- ions which are 
extracted from the inside of the ion source (bulk plasma). However, the extraction mechanism of the SP H- 
ions from the bulk plasma has not been fully understood. The present 3D PIC model shows that the 
extraction of the H- ions from the bulk plasma is due to Coulomb Collisions between H+ ions and SP H- ions 
(CC H+-H-). Moreover, it has been also shown that CC H+-H- causes the increase in the beam convergence 
part, the calculated beam optics then quantitatively agrees with the experiments. Therefore, the developed 
3D PIC model has a potential for the design calculation to optimize the beam optics in H- ion sources. 
In Chap. 6, the summary and conclusion of the present thesis are given. 
